A novel strategy for the construction of disposable amperometric affinity biosensors is described in this work. The approach uses a recombinant bacterial Penicillin Binding Protein 
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Introduction
Many efforts have been done in the last years to achieve the immobilization of biological macromolecules on electrode surfaces with an entire retention of their activity. Among the large variety of immobilization strategies described (adsorption, covalent attachment, polymer encapsulation, electrostatic or hydrophobic interactions, etc.), methods based on affinity ligands or biospecific recognitions are particularly attractive because (i) the activity of the immobilized biomolecule is generally preserved, (ii) the spatial distribution can be well controlled, (iii) the efficiency of the specific immobilization can be high, making it possible to work with low biomolecule loadings, (iv) the stability of the biomolecule is usually improved. 1 One of the most versatile and powerful affinity ligand methods is based on the use of metal ion chelating agents and their specific affinity for proteins containing histidine residues, which constitutes a standard tool in affinity chromatography (IMAC). The coordination of appropriate chelating agents such as the tridentate iminodiacetic acid (IDA) or the tetradentate nitrilotriacetic acid (NTA) to bivalent metal cations (e.g. Cu 2+ , Ni 2+ , Zn 2+ , Co 2+ ) allows further ligation of the free coordination sites of the chelator metal complex to the imidazole moieties of the histidine tags thus enabling a localized, oriented and reversible immobilization of proteins. 2 The histidine tag possesses a small size and its position at the protein surface can be controlled, thus leading to an oriented immobilization without interfering with structure and function of the protein 3 . This latter point is of significant importance in analytical approaches involving heterogeneous biomolecular recognitions because the random attachment of an affinity protein can alter its binding capacity resulting from steric hindrance of adjacent immobilized proteins or with the surface itself. 1 This histidine tagged protein immobilization chemistry has been widely reported on gold supports using different approaches. 4 8 However, carbon electrodes have been scarcely used with this purpose due to the laborious and time consuming multiple chemical steps of functionalization required for their modification. 1 On the other hand, the development of receptor ligand based biosensing strategies can result in rapid and sensitive analytical methodologies for a wide range of analytes. In this work we used penicillin binding proteins (PBPs) as molecular receptors. PBPs are enzymes found in the cytoplasmic membrane of bacteria involved in the growth of the microorganisms by maintaining and determining cellular morphology. 9 They catalyse transpeptidation reactions resulting in glycan chains crosslinking by short peptides, as well as the elongation of these 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 18 All these considerations support the development of receptor ligand based strategies leading to rapid, specific and sufficiently sensitive analytical methodologies available to be used by untrained personnel.
In this paper, we describe a novel, extremely simple, versatile and fast approach for the functionalization of carbon electrodes in a single step with dense monolayers of chelating agents without need for applying any previous harsh pre treatment to the electrode surface. We report herein the first successful adsorption of long alkyl chains NTA derivatives on disposable carbon electrodes and the use of the resulting film for the subsequent coordination of cobalt ions and the histidinyl residues in the tagged PBP, allowing the immobilization of the receptor protein in a reproducible and reversible manner, with a controlled molecular orientation and maintaining its 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 entire biological activity. The resulting integrated amperometric affinity sensor allows the quantification of lactam antibiotics residues in milk at the low ppb concentration level through competitive binding between sample b lactam and a HRP labelled specific tracer for the binding sites of the immobilized PBP. The electrochemical detection of the enzyme product was carried out using hydroquinone (HQ) as electron transfer mediator and H 2 O 2 as the enzyme substrate.
Materials and Methods

Apparatus and electrodes
Amperometric measurements were performed with a CHI812B potentiostat (CH Instruments, Inc., USA) controlled by software CHI812B. All measurements were carried out at RT. Impedance and voltammetric measurements were accomplished using a Autolab Type III FRA 2 instrument. A Bunsen AGT 9 Vortex was used for homogenization of the samples.
The transducers employed for the development of the integrated amperometric affinity sensors were screen printed carbon electrodes (SPCEs) (DRP C1110, DropSens) consisting of two elliptic carbon working electrodes (f~2 mm), a carbon counter electrode and a Ag pseudoreference electrode. A specific cable connector (DRP BICAC also from DropSens) acted as the interface between the SPCE and the potentiostat.
Reagents and solutions
All the reagents used were of the highest available grade. 10 mM stock solutions of the different antibiotics were prepared in DMSO (SPY and ENRO) or in P&D buffer (AMP, CEF, and TC) and stored at 4 ºC. Antibiotic standard solutions were prepared daily upon dilution of the corresponding stock solutions in P&D buffer or in milk.
Hydrolyzed b lactams solutions were prepared by dissolving 10 mg of the antibiotic (AMP or CEF) in 9.8 mL methanol (Scharlab) and 0.2 mL of 1.0 M potassium hydroxide (Scharlab) and left to react overnight at 4 ºC.
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Whole UHT milk samples were purchased in a local supermarket, spiked, and used for the determination of b lactams after 1:1 dilution with P&D buffer. 
Synthesis of
Preparation of Co
2+
-NTA modified SPCEs.
In order to functionalize with the NTA layer, 5 L of a 1.0 mM HS NTA or a 3.0 mM LAU NTA solution (prepared in carbonate buffer) were cast on the working electrode surface buffer) for 30 min, followed by thorough washing with deionized water and drying under a nitrogen stream. The Co 2+ loaded electrodes showed no damage when they were left on the benchtop for three days before use (no longer times were checked).
Penicillin binding protein production, overexpresion and purification
Protocols used for recombinant His tagged PBP protein production, overexpression, purification and storage were the same than those employed in an earlier paper. 21 
Affinity biosensor preparation
Recombinant PBP was immobilized on the Co 2+ NTA modified electrodes through the protein His tag. In order to do that, a 5 L aliquot of the PBP solution (880 g mL 1 ) was dropped on the modified electrode surface and incubated at room temperature for 20 min.
Thereafter, the electrode was washed with PBST to remove any unbound protein and dried under a nitrogen stream.
Electrochemical measurements
Impedimetric and cyclic voltammetric measurements were carried out upon deposition of Amperometric measurements in stirred solutions were performed by applying the desired potential and allowing the steady state current to be reached. The sensors were transferred to an electrochemical cell containing 10 mL of a 0.1 M phosphate buffer pH 6.0 and 1.0 mM HQ (prepared daily just before the electrochemical measurement) and the amperometric responses at 
Affinity assay procedure
A calibration curve for AMP was constructed in the assay buffer ( where i 2 and i 1 are the maximum and minimum current values in the plotted calibration graph, IC 50 is the analyte concentration producing 50 % of the maximal amperometric signal and p is the Hill slope at the inflection point of the sigmoid curve. The limit of detection (LOD) was calculated as the analyte concentration for which the enzymatic tracer binding to the PBP was inhibited by 10 %. The dynamic range (DR) was defined as the analyte concentration interval for which the inhibition of the enzymatic tracer binding was between 20 and 80 %. Unless otherwise indicated, the presented data corresponded to the average of at least three replicates.
Analysis of AMP in milk
Commercial milk samples purchased in a local supermarket were appropriately diluted with P&D buffer solution and spiked with the lactam antibiotic and the enzymatic tracer.
Aliquots (50 L) of these milk solutions were analyzed following the same methodology described above for standard solutions. Non spiked samples were also checked to exclude the presence of naturally contaminating antibiotics. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 was observed after Co 2+ complexation which can be attributed to the partial shielding of the negative surface charges by complexed Co 2+ ions. 28 The PBP immobilization on the Co 2+ NTA SPCE caused an additional barrier for the access of the redox probe to the electrode thus leading to a further decrease in the voltammetric signal showing the ability of the Co 2+ NTA SPCEs to bind recombinant PBP via N terminal hexahistidine tail. These results are also consistent with the changes observed in the electron transfer resistance (Figure 2 inset) .
On the other hand, similar amperometric responses were obtained for solutions containing no lactam antibiotic with biosensors constructed using both HS NTA and LAU NTA modified SPCEs ( Figure S2 , Supporting Information). Therefore, taking into account that the adsorption of both compounds takes place by the long alkyl chain and not by the terminal functional group, we decided to continue working only with the commercial HS NTA derivative.
Optimization of experimental variables
The optimum experimental conditions for achieving the best affinity assay performance were sought out. All the experimental variables involved in the affinity sensor preparation and functioning were, therefore, optimized by taking as the selection criterion the maximum current 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Thereafter, the variables involved in the affinity biosensor preparation and functioning were optimized according to the selection criterion mentioned above. The ranges tested for all these variables as well as the selected values are collected in Figure S3 , Supporting Information). Similar specific to unspecific responses ratios were obtained using Cu 2+ , Ni 2+ and Co 2+ . However, the use of Co 2+ allowed the regeneration of the affinity sensor as it will be commented below. This was attributed to the lower stability constant of the corresponding complex (pK a = 10.4).
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Furthermore, the influence of the Co 2+ concentration used for the coordination with the immobilized NTA derivative on the amperometric response obtained in the absence of free b lactam antibiotic was evaluated ( Figure S4 , Supporting Information). It can be observed as the measured current increased with the Co 2+ concentration which confirmed that the metal ion played an essential role in the PBP binding on the modified SPCE. As expected, the amperometric response obtained when no metal ion was present was only slightly higher that the non specific signal resulting in the absence of immobilized His PBP.
Analytical characteristics of the affinity sensor
The performance of the integrated affinity biosensor was tested using AMP as a model target penicillin. The calibration graph constructed for AMP in P&D buffer solution containing 1.0 M NaCl is displayed in Figure 4 . The DR extended between 1.3 and 9.9 ng mL 1 with an IC 50 value of 3.6 ng mL 1 and a LOD of 0.7 ng mL 1 , which is approximately 6 times lower than the limit regulated by the EU (4 g kg 1 AMP content in milk samples). Therefore, the obtained results are promising and encouraging for the further application of the disposable amperometric affinity sensor in the analysis of food samples such as milk. 
Analytical characteristics of the affinity sensor in milk samples
The usefulness of the affinity biosensor for the determination of lactam antibiotics in milk was evaluated selecting a penicillin (AMP) and a cephalosporin (CEF) as target analytes.
Calibration curves were obtained for both compounds in whole UHT milk with only a 1:1 dilution with P&D buffer as sample treatment. It is important to remark that the addition of 1.0 M NaCl to the buffer solution was not needed now because, as commented before, the milk matrix components acted as an effective in situ blocking agent able to minimize the non specific signals. 15 The obtained calibration graphs are shown in Figure 5 and the corresponding analytical characteristics are summarized in Table 2 . As it can be observed in both cases the LODs are 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 cases similar to that obtained with no enzymatic tracer which was attributed to the replacement of the hystidine ligand by imidazole and, consequently, to the release of the anchored PENG HRP. When the Co 2+ coordination, PBP immobilization and PENG HRP recognition protocols were repeated with these regenerated sensors, the initial amperometric response was restored thus evidencing the specificity and reversibility of this binding approach, in contrast with the commonly used biotin avidin immobilization which leads to irreversible anchoring of biotinylated biomolecules. Therefore, the reusability of the affinity sensors was demonstrated.
Affinity sensor selectivity
The selectivity of the developed affinity sensor was tested against 3 non target antibiotics (TC, SPY and ENRO) which may be present in milk and dairy products. The amperometric signals obtained with the affinity sensor in the absence and in the presence of these potentially interfering antibiotics at two different concentration levels (500 and 10,000 nM) in 1:1 P&D diluted UHT whole milk were compared. The obtained results (data not shown) demonstrated that no significant cross reactivity occurred for the 3 non target antibiotics tested even in the presence of a high excess (10,000 nM). In fact, the percentages of cross reactivity calculated from the corresponding IC 50 values 31 were <1% in all cases indicating that no significant competition was produced and the remarkable group specificity of the PBP used to prepare the affinity sensor.
An important practical aspect is that MRLs are defined for b lactams with a non hydrolyzed b lactam ring. Therefore, the specificity of PBP for active lactams should be also tested. In order to do that, we spiked milk samples with hydrolyzed AMP or CEF (according to the procedure described in Section 2.2.) at two concentration levels, 10 2 and 10 3 ng mL 1 . The amperometric responses obtained with the affinity sensor showed that no detectable active antibiotic residues were found in these samples demonstrating that no cross reactivity occurred with hydrolyzed b lactams (open ring metabolites or degradation products).
Application to the analysis of spiked milk samples
The amperometric affinity sensor was applied for the analysis of UHT whole milk 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 the calibration plot constructed for the antibiotic in the same matrix sample ( Figure 5 ). The analysis of 10 milk samples yielded an AMP mean concentration of (10.8 ± 0.8) ng mL 1 with a mean recovery of (103 ± 8) % (RSD = 9.9 %), the confidence interval being calculated for = 0.05. Taking into account the type of analysis carried out and the straightforwardness of the experimental protocol, these good results demonstrated the usefulness of the affinity sensor for the determination of lactam antibiotics, in a total time for the assay of approximately 30 min (once the sensor is prepared).
Comparison with other reported sensors and methodologies
The performance of the developed amperometric affinity sensor was compared with that provided by other approaches reported in the literature ( Table 3) . As it can be seen, most of the previously developed methodologies used SPR detection whereas only two involved electrochemical transduction. 15,21 While offering similar analytical performance some important advantages can be claimed for the approach described here against non electrochemical methodologies. These include the inherent simplicity and much easier potential automation and miniaturization thus making the developed methodology ideal as a field based screening tool for lactam detection in milk. When compared with the other available electrochemical sensors, it is important to remark that, conversely to that occurred with the only integrated affinity sensor reported until now, the non specific binding of the PENG HRP conjugate was independent of the free b lactam concentration in solution. 15 Moreover, the LOD achieved is 15 times lower than that reported for an amperometric affinity PBP magnetosensor. 21 It is worth to remark also that this is the first time that an integrated amperometric sensor is developed by immobilization of a recombinant PBP using the His tag/M 2+ /NTA chemistry.
Conclusions
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Sample
Assay time Reference
The sample was mixed and incubated with PBP 2X*. After, DIG AMPI was added and incubated to the mixture. It was injected over a sensor chip modified surface modified with anti DIG.
Milk (previously defatted) and raw milk (previously heated)
min 10
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